Abstract
Introduction

27
Animals that move through the environment are in constant need to adapt their movements to (Niven et al., 2010) . Inspired by these experiments we became 50 interested in the mechanisms employed by a sensory-motor system to adapt to such an 51 unexpected event. A stick insect searching for foothold in a bush may touch a leave or a twig 52 that move out of reach after the first contact, e.g. due to the elasticity of the material. We 53 hypothesized a change in searching strategy, i.e. searching movements confined to the former 54 location of the object to regain contact. Such change in searching strategy could employ a 55 short-term memory in the range of seconds as inferred from rung searching locusts. Therefore, 56 we aim to study how searching movements of a stick insect's leg are changed in response to 57 immediate removal of an object that was contacted by the leg.
58
A stick insect possessing only one front leg performs searching movements with that leg upon 59 loss of ground contact (Karg et al., 1991; Bässler, 1993) . These rhythmic stereotypical leg 60 movements consist of several cycles; their trajectories have been described (Karg et al., 1991;  The present work demonstrates that stick insects show targeted searching movements after 65 immediate removal of an object that was touched by the tibia. In targeted searching, two 
71
Methods
72
Animals
73
Experiments were carried out on adult female stick insects, Cuniculina impigra, from the 74 colony maintained at the Zoological Institute, Biocenter Cologne. Animals were kept at 75 constant temperature (22-24°C), 60% humidity and under a 12h:12h light:dark cycle.
76
Experiments were performed at room temperature (20-24°C) and dimmed light conditions.
77
Preparation
78
For experiments, all legs except the left prothoracic leg were cut off mid-coxa. Animals were 79 mounted dorsal side up with insect pins or dental cement (Protemp II, 3M ESPE, Seefeld,
80
Germany) on a foam platform, the coxa of the remaining leg being located on the edge of the 81 platform. The leg was fixed at an angle of 90° with respect to the body axis by applying 82 dental cement to the thorax-coxa-joint (ThC-joint). Movements of all other leg-joints (coxa-83 trochanter (CTr), femur-tibia (FTi), tibia-tarsus (TTa), tarsal joints) were not restricted, thus 84 the animal could freely move its leg in the vertical plane. Animals were not able to touch the 85 ground.
86
For recordings of levator and depressor trochanteris muscle activity, two pairs of copper-wire 87 (57 µm, isolated except for the tip) were inserted through small holes in the dorsal and ventral 88 posterior coxa of the front leg before fixation of the coxa (Rosenbaum et al., 2010) .
89
For experiments regarding the influence of vision, the animals' view was either blocked by a 90 black paperboard between head and leg or their eyes were covered with black ink. In some 91 experiments, the trochanteral hairplate (trHP) (Wendler, 1964) 
100
Experimental setting
101
Searching movements were elicited by slightly touching the animal at the abdomen with a 102 paint brush ('tickling') or by a puff of air to the antennae or abdomen. A metal stick with a tip 103 made of fibre-glass was used as an obstacle to be introduced into the plane of leg movement.
104
The stick was mounted to a micromanipulator, aligned in parallel to the animal and could be (Fig. 1A) positions of the leg were not expressed in coordinates but as angle α which was formed by a 132 straight line from coxa to the distal end of the tibia and a horizontal that was set by the coxa 133 and a reference marker to the right side of the animal (Fig. 1C) . Positions above the horizontal 134 were defined as positive values of angle α, positions below the horizontal as negative values.
135
When considering positions of the CTr-and FTi-joint we used angles β and γ respectively.
136
The coordination of CTr-and FTi-joint during searching movements is very stereotyped, (Fig. 1A) . Therefore, angle α sufficiently describes the position of the most distal third 141 of the tibia, which was the location of contact with the stick. Resulting ratios were normalized to the ratio before touching the object. 
Results
180
When slightly touched at the abdomen or activated by an air puff, stick insects (Cuniculina 181 impigra) performed stereotypic searching movements in the vertical plane with their foreleg 182 ( Fig. 1A,B ; Karg et al., 1991) . Searching movements covered a wide range of around 75±17°
183
(measured as angle α; see Fig. 1C ), N=14, n=76, approx. 300 cycles) and were centered on a 184 rather stable average leg position. As described by Karg et al. (Karg et al., 1991) , downward 185 movements started with depression of the coxa-trochanter-joint (CTr-joint) whereas the 186 femur-tibia-joint (FTi-joint) remained fully extended or was finishing its extension movement 187 from the previous searching cycle. About halfway down CTr-movements slowed down 188 whereas the FTi-joint started to flex (Fig. 1A, black stick figure) . During upward movements, 
Qualitative analysis of searching movements
201
Upon touching the object, generally two parameters of the searching movements changed. The mean angular speed of leg searching cycles did not change after touching the object ( and lower left quadrant in Fig. 5C ). Searching movements that, upon touching the object, were neither shifted towards PO nor showed decreased amplitudes only occurred in 5% of all 250 experiments (lower right quadrant).
251
Visual information was not necessary for the generation of targeted searching. In experiments 252 performed with blindfolded animals (N=8, n=76) both average leg position and amplitude 253 changed in the same way as in sighted animals (Fig 5D) . Evaluation of the frequencies of 254 different combinations of both parameter change resulted in a very similar average percentage 255 of targeted responses (58%, Fig. 5D ) as in sighted animals (60%, Fig. 5C ).
256
In animals that responded with targeted searching movements to touching the object, the 257 magnitudes of shifts highly correlated with the distance between PO and the average leg in angle α were mainly due to a decrease in FTi-joint movements (Fig. 7A 1 Fig. 7A,B ).
286
Also, Fig. 7 shows that even upon contact with an object, the stereotyped coordination pattern 
Trochanteral muscle activity underlying targeted searching movements
295
In order to analyze the muscle activity underlying the observed changes in searching 296 movements, electromyograms (EMGs) of levator and depressor trochanteris were recorded.
297
The antagonists showed alternating bursting activity correlated with femoral levation and 298 depression (Fig. 8, top one of the antagonists (Fig. 8B , second, fourth, sixth trace from top).
313
Role of sensory signals in targeted searching movements 314 As shown in Fig. 5 , visual information is not necessary to perform a targeted response.
315
Therefore, the execution of this response is very likely to be based on information from leg 316 sense organs. In this case, the animal may use different sense organs, firstly, to sense contact 317 with the object and, secondly, to determine the actual position of the leg at the same time and 318 thus gain information on the position of the object. Therefore, we decided to prevent any input 319 from sense organs on the tibia that might code the contact with the object. In a second set of 320 experiments, we ablated the trochanteral hairplate (trHP = Wendler's Bf1) (Wendler, 1964) 321 which is known as an essential sensory organ in the coxa-trochanter control loop (Schmitz, 322 1986a,b).
323
To prevent sensory information from tibia and tarsus, the tibia was cut distal to the FTi-joint (Fig. 9B 4 ) .
349
In animals that showed a decrease in amplitude, the range and mean of the reduction (16° to 
358
Persistency of changed searching movements 359 We were interested in the time it takes for altered searching movements to be restored to after about six seconds. We interpret this data as a targeted response that wanes over time.
396
Visual sensory information is not necessary to control this behavior. In contrast, sensory 397 information on the position of the coxa-trochanter joint is essential for the targeted response.
398
The decreased amplitude of searching movements after contact coincides with an increased 
415
The initial reaction upon touching an object was to grasp for it. This grasping behavior, which The trHP appears to be an important sensor that provides position information as ablation of 430 trHP decreased the percentage of shift towards PO from about 75% to 54% (Fig. 10B 2 ) . This as shown for locusta (Bräunig, 1982a ). Yet, according to Schmitz (Schmitz, 1986b ) a 439 contribution of internal sense organs to the CTr-loop would depend on an intact trHP.
440
The contribution of the CTr-joint to the shift in average leg position appears to be based on a muscle activity is highly variable although the underlying movement is stereotypic.
446
An alternative mechanism for a shift in average leg position could be a 'catch-like'-effect in 447 the levator or depressor muscle. This effect describes the phenomenon that a short high 448 frequency discharge of a motoneuron leads to a long lasting increase in force production of a 449 muscle that is maintained at low frequency motoneuron discharge. The effect has been discharge is likely to interfere with grasping behavior and the searching movements.
457
The average position of the CTr-joint (angle β) can be set and rhythmic searching movements can be performed by activation of one muscle only (Fig. 8B) . In the example shown, rhythmic 459 levator activity was working against passive forces of the depressor muscle that is not 
510
The means by which information is 'stored' for a time period of a few seconds might be black curve depicts searching cycles throughout an experiment, plotted as angle α over time.
762
The magenta arrow indicates the point in time when the object was removed after touch and 
